| INTRODUC TI ON
Uveal melanoma (UM) is the most common adult primary intraocular tumor, with about 2000 new cases in the United States each year (Jovanovic et al., 2013) . It is a highly aggressive cancer, and 50% of patients present with metastases within 15 years of diagnosis. There is no effective treatment for the metastatic disease, and the median survival following diagnosis is just 6 months (Shoushtari & Carvajal, 2016) . Thus, there exists an urgent need to understand UM biology and develop effective therapeutic strategies.
UM arises from non-classical melanocytes residing in the choroid, iris, and ciliary body (Shoushtari & Carvajal, 2014) . Despite their shared melanocytic origin, different initiating mutational events drive UM and cutaneous melanoma. Most cutaneous melanomas carry oncogenic mutations in BRAF or NRAS, but these are rarely observed in UM (Rimoldi et al., 2003) . Instead, more than 80% of UM cases have gain-of-function mutations in GNAQ or GNA11 (Onken et al., 2008; Van Raamsdonk et al., 2010) . These genes (herein referred to as GNAQ/11) encode proteins that are 90% homologous at the amino acid level and serve as α-subunits of a heterotrimeric G protein-coupled-receptor (GPCR) complex. The most common GNAQ/11 mutations in UM create substitutions at Q209 or R183 of the Ras-like GTPase domain that results in constitutive activation (reviewed in Shoushtari & Carvajal, 2014) . Cellular studies showed that GNAQ/11 signal to numerous downstream effectors. They activate the MAPK/MEK/ERK cascade and phospholipase C (PLCβ), which can transduce signals to protein kinase C (Van Raamsdonk et al., 2009; Wu, Li, Zhu, Fletcher, & Hodi, 2012) . More recently, oncogenic GNAQ/11 Q209L was shown to activate YAP signaling via a HIPPO-independent pathway (Feng et al., 2014; Yu et al., 2014) and also the ARF6-β-catenin pathway (Yoo et al., 2016) . Despite these advances in our understanding of the molecular consequences of oncogenic GNAQ/11 signaling in UM cell lines and xenograft/tumor models, we still know relatively little about its impact on the fundamental biology of the melanocyte.
Due to the strong conservation of melanocyte differentiation programs between zebrafish and amniotes (Mort, Jackson, & Patton, 2015) , the study of zebrafish pigment mutants has made significant contributions to our understanding of this biology (Kelsh, Harris, Colanesi, & Erickson, 2009; Singh & NussleinVolhard, 2015) . The canonical striped pigment pattern of zebrafish is generated by the appropriate development, interactions, and localization of the three different chromatophores, or pigment cells:
melanophores (herein referred to as melanocytes), xanthophores, and iridophores (Parichy & Spiewak, 2015) . Existing zebrafish pigment mutants fall into two general subclasses. The first subclass displays defects in chromatophore development, and their study has yielded key insight into the differentiation, maintenance, survival, proliferation, and migration of melanocytes and their progenitors. The second subclass displays adult stripe pattern defects resulting from alterations in signaling pathways and cell-cell interactions. This second class includes zebrafish mutants defective in background adaptation, a process by which the melanin granules disperse or contract within the melanocyte in response to adrenergic or hormonal cues to camouflage the fish in different surroundings (Logan, Burn, & Jackson, 2006) .
The zebrafish has also been validated as an excellent system to model cancer (Mione & Trede, 2010; White, Rose, & Zon, 2013) .
Mutation of numerous oncogenes and tumor suppressor genes yields the appropriate tissue tumor type in zebrafish (Langenau et al., 2003; Patton et al., 2005) . A recent study showed that melanocytespecific expression of GNAQ
Q209P
, in combination with inactivation of the tp53 tumor suppressor, results in the development of UM (Mouti, Dee, Coupland, & Hurlstone, 2016 
| RE SULTS
2.1 | Melanocyte-specific expression of oncogenic GNAQ/11 Q209L yields profound pigmentation defects
We integrated human GNAQ Q209 or GNA11 Q209L tumor alleles into the zebrafish genome under the control of the melanocyte-specific promoter, mitfa, using Tol2-directed transgenesis ( Figure 1a ). The resulting chimeric zebrafish displayed patches of hyperpigmentation providing early evidence that expression of GNAQ/11 Q209L alters melanocyte biology ( Figure S1 ). We observed germline transmission Figure 1b) . Additionally, histological analyses revealed internal pigment defects in Tg + animals ( Figure 1c ). Most importantly, in a partially penetrant manner, we detected thickening of the choroid, but never the retinal pigmented epithelium (RPE). Moreover, various internal tissues displayed abnormal pigmentation. This included the frequent presence of rings of hyperpigmentation around blood vessels ( Figure 1c ) or organs ( Figure S2 ) and also regions of pigment within the musculature, which occurred rarely, if ever, in wild-type clutchmate controls (Figure 1c Figure S5 ). We then screened for nuclear YAP, a downstream effector that is a distinguishing hallmark of human UM driven by GNAQ/11 mutations, but not the much rarer BRAF or NRAS mutations (Yu et al., 2014) , and observed positive nuclear YAP staining within uveal, cutaneous, and internal melanotic tumors, but not surrounding healthy zebrafish tissue ( Figure 2h and Figure S5 ). The strength of nuclear YAP staining was also heterogeneous and typically correlated with the strength of the GNAQ signal ( Figure S5 ). and GNA11 mutant lines (Q-1 and 11-4) and followed them through development. As early as 3 days post-fertilization (dpf), pigmentation differences were apparent between Wt and Tg + clutchmates (Figure 3a , Figure S6a ). At 3 dpf, Wt embryos had dorsal and ventral melanocyte stripes and also an ordered lateral stripe across the horizontal myoseptum (Figure 3a) , and by 3.5 dpf, most Wt melanocytes had migrated off the yolk sac to join the ventral stripe (Video S1).
In contrast, 3 dpf Tg + zebrafish possessed a disordered melanocyte lateral stripe and were hyperpigmented (Figure 3a) . Moreover, at 3.5 dpf, they clearly maintained melanocyte localization over the yolk sac ( Figure 3a , Video S2).
The pigment defects became more pronounced at other key developmental stages including late embryogenesis, metamorphosis (the transition from the embryonic to adult pigment patterns), and juvenile and adult stages, where they extended into the fins ( Figure   S6b ); the hyperpigmentation became exacerbated, and stripe patterns were increasingly disorganized. In addition, both metamorphic and adult Tg + zebrafish displayed numerous melanocytes that were inappropriately localized within the interstripe region ( Figure 1B , Figure S6a ). This mislocalization is not limited to the interstripe region, as evidenced by abnormal pigmentation at internal sites within adult Tg + fish (Figure 1c , Figure S2 ). Importantly, we observed a similar spectrum and time of onset for pigment defects in both the GNAQ (Q-1) and GNA11 (11-4) mutant lines ( Figure S6a ), indicating that they are consistent and robust consequences of oncogenic GNAQ/11 Q209L expression.
Our analyses further revealed a qualitative difference in melanin dispersion in Tg + compared to Wt melanocytes; the melanin appeared punctate and aggregated in the Wt melanocytes, but had a more dispersed phenotype in the Tg + clutchmates (Figure 3a) . We took advantage of background adaption, the process by which melanosomes are dispersed or contracted in response to dark or light conditions, to assess and quantify additional melanocyte phenotypes in Tg + embryonic zebrafish (Figure 3b) . We examined the degree of hyperpigmentation in 5 dpf embryonic fish that had been either darkor light-adapted and showed that the Tg + zebrafish had a higher percentage of total area covered in melanin than their Tg + clutchmate controls under both conditions (Figure 3b ,c; p < .0001). Notably, this increased coverage resulted from two distinct changes. First, the area of melanin coverage per melanocyte was substantially increased in Tg + fish as quantitated under dark adaption conditions to measure melanocytes in the melanin-expanded state (Figure 3d ; p < .0001).
Second, the Tg + fish had significantly more melanocytes, as judged by quantification of their melanin puncta (resulting from clustered melanosomes) in light-adapted fish (Figure 3e ; p > .0001). Importantly, these phenotypes were all tp53-independent ( Figure S7 ).
Having shown that transgene expression expands the per-cell 
| Tg(mitfa:GNAQ Q209L ) expressing melanocytes have increased survival capacity in vivo and in vitro
Normal melanocytes are known to undergo apoptosis if they persist in the interstripe regions (Singh & Nusslein-Volhard, 2015 ). As we consistently observed Tg + melanocytes within interstripe regions (Figure 1 ), we hypothesized that oncogenic GNAQ signaling was promoting their survival. To assess survival in the in vivo setting, we followed fish through metamorphosis, during which apoptosis plays a well-defined role as part of the transition from embryonic to adult pigmentation (Kelsh et al., 2009 ). In normal metamorphosis, xanthophores accumulate in the embryonic stripe region along the horizontal myoseptum, while metamorphic melanocytes populate the ventral myotomes (Kelsh et al., 2009 ). Embryonic and early metamorphic melanocytes can initially survive in the developing xanthophore interstripe, but are ultimately forced by cues from interstripe xanthophores to migrate into the early adult stripes or die in situ. We followed Wt and Tg + zebrafish through metamorphosis and into adulthood (14dpf-44dpf) and quantified the accumulation and persistence of melanocytes in the interstripe region (Figure 4a,b) . This revealed increased numbers of Tg + melanocytes in the xanthophore interstripe at all time points that were statistically significant from 18 dpf on Figure 4b ; 
| Tg(mitfa:GNAQ Q209L ) expression in melanocytes results in altered morphology and increased motility
We next examined other properties of cultured Wt versus Tg + melanocytes. Consistent with the in vivo phenotype (Figure 5a ), seeded Tg + melanocytes appeared more dendritic than the Wt controls. We quantified dendricity by calculating cell convexity, which is the ratio of the convex hull perimeter (the smallest polygon that can be drawn around the cell) to the cell perimeter (a trace of the cell outline) as shown in Figure 5b . This established that the two genotypes had a highly significant difference in mean convexity (p < .0001), with both the mean and minimal convexity being considerably lower in Tg + melanocytes ( Figure 5b ). Time-lapse video microscopy of these plated melanocytes revealed that the morphology of the Tg + melanocytes was highly dynamic, switching back and forth between highly dendritic and rounded states (Figure 5c ). In contrast, Wt melanocytes maintained a more rounded state while expanding and contracting the melanin within their cell boundaries (Figure 5c ).
We extended these studies to compare motility of Wt versus Tg + melanocytes. We plated isolated melanocytes in serum-free media ) with p values calculated by two-way ANOVA with Bonferroni's correction of (e) total distance travelled; p < .0001; and (f) persistence (measured by distance migrated over total path length); p < .0001 at 12 and 24 hr and p = .002 at 36 hr. Experiments were repeated multiple times, yielding similar results [Colour figure can be viewed at wileyonlinelibrary.com] overnight and brought it up to 10% FBS before time-lapse imaging.
This revealed striking differences in the migratory behavior of Wt and (Figure 5d ,e; p < .0001). Second, despite this enhanced migratory ability, the Tg + melanocytes displayed significantly reduced persistence (calculated as the distance between the starting and ending location of the melanocyte divided by the total distance travelled) for the 0-12 hr (p < .0001), 0-24 hr (p < .0001), and 0-36 hr (p = .002) time windows (Figure 5d,f) . Thus, collectively, these in vitro analyses establish that oncogenic GNAQ causes striking changes in the survival, morphology, and migratory persistence that are highly consistent with the in vivo phenotypes of the Tg + melanocytes.
| D ISCUSS I ON
We have generated a zebrafish model of UM through the melanocytic expression of human UM driver mutations, GNAQ Q209L and GNA11 Q209L . When expressed alone, these yield tumors with poor penetrance and very late onset, consistent with the known need for cooperating mutations in human UM (Ewens et al., 2014) . When combined with tp53 M214K/M214K mutations, oncogenic GNAQ/11 Q209L yields uveal melanomas, with similar morphology to human UM, and other aggressive, melanotic tumors originating from cutaneous or internal melanocytes. Regardless of the initiating location, these zebrafish tumors express high levels of the driving oncogene, and also nuclear YAP, a hallmark of human UM, indicating that they recapitulate the human malignancy. Our analysis of the transgenic zebrafish has provided key insight into the effects of GNAQ/11 Q209L on melanocyte biology, revealing profound pigment defects, including hyperpigmentation and aberrant morphology and localization, which are apparent by 3 dpf and become more exaggerated over time. Our combined in vivo and in vitro analyses show that these reflect alterations in a diverse range of cellular processes, including motility, proliferation, and survival, which are all potentially protumorigenic.
Our study is the first to extensively characterize the effects of an oncogene on stripe patterning. Previous studies have shown that zebrafish melanocytes arise from distinct stem cell populations in embryonic versus adult stages and in the body versus the fins (Budi, Patterson, & Parichy, 2008; Parichy & Spiewak, 2015) . As the transgenes affect both cutaneous and fin patterns at all development stages, we conclude that oncogenic GNAQ/11 signaling impacts the melanocytes arising from all stem cell/progenitor populations. At one level, this finding is unsurprising, as the mitfa promoter functions during both embryonic and adult stages. Nevertheless, it shows that oncogenic GNAQ/11 signaling has widespread effects, in contrast to other signaling pathways that can be stage-specific. Furthermore, the GNAQ/11 Q209L transgenics clearly belong in both of the general subclasses of pigmentation mutants; they disrupt melanocyte development and also their response to environmental cues, which establish the adult stripe pattern (as reviewed in Parichy & Spiewak, 2015) .
One of the most striking phenotypes of the Tg + zebrafish is hyperpigmentation. This is due partially to increased levels of melanin with individual melanocytes, which covers a larger area of the cell under both light-and dark-adapted conditions. Additionally, oncogenic GNAQ/11 increases the total number of melanocytes. The increased melanocyte numbers are observed in young embryos, well before the known developmental onset of melanocyte apoptosis, strongly suggesting that they result from increased cell proliferation.
We also see progressive increases in melanocyte representation in the flanks as the fish progress through the metamorphic and adult stages, suggesting that this continues into adulthood.
Another striking consequence of oncogenic GNAQ expression is the mislocalization of melanocytes in the interstripe regions and also internally. The appropriate localization of zebrafish melanocytes is controlled by a barrage of cues; during metamorphosis, melanocytes in the presumptive interstripe region are subject to repulsive cues from xanthophores and then, if they remain embedded, apoptotic cues from these same cells (Parichy & Spiewak, 2015; Singh & Nusslein-Volhard, 2015) . The persistence of numerous Tg + melanocytes within the interstripe region of post-metamorphic fish reveals a defective developmental response that includes both a failure to leave the interstripe region appropriately in response to repulsive cues and a subsequent failure to die. Our in vitro analyses of purified Tg + melanocytes identified two distinct changes that could contribute to this altered behavior. First, we observe a migration defect that reflects increased movement but impaired persistence, which is consistent with the inability of the cells to exit the developing interstripe region. Second, the purified Tg + melanocytes display increased survival in vitro. Our data do not address the underlying molecular bases for these altered migration and survival properties; these cell autonomous changes could reflect a direct impact of constitutively active GNAQ/11 on the migration and/or apoptotic signaling networks or be a more indirect consequence of incomplete differentiation. Interestingly, observations in other organisms already suggest that oncogenic GNAQ can have opposing, context-dependent effects on cell survival. Specifically, GNAQ expression enhances the survival of human UM cell lines (Posch et al., 2015) but promotes apoptosis of human T cells (Wang et al., 2014) and murine melanocytes in the interfollicular epidermis (Huang, Urtatiz, & Van Raamsdonk, 2015) .
Cell survival has obvious implications in cancer progression, and thus, further study of the underlying determinants of the apoptotic response to oncogenic GNAQ/11 signaling will be critical.
We note that the myriad phenotypic consequences of oncogenic GNAQ/11 signaling are clearly apparent within a few days of zebrafish development. Moreover, they occur independent of, and are not enhanced by, tp53 mutation. This is intriguing in two regards. First, while it is easy to see how the observed changes in migratory, survival, and proliferative properties might enable tumorigenicity, the rare appear- 
| ME THODS

| Zebrafish lines
All zebrafish work was done in accordance with protocols approved by the Committee on Animal Care at MIT. Tg(mitfa:GNAQ/11) transgenics were generated in AB/Tübingen zebrafish (TAB 5/14, Amsterdam et al. 1999) as described (Supplemental Methods). All transgenic lines were confirmed to contain single transgene copies by Southern blots.
The tp53 mutant line is tp53 zdf1 (Berghmans et al., 2005) .
| Tumor phenotype analysis
Fish were PCR genotyped (see Supplemental Methods) and then maintained at similar densities to minimize environmental effects.
Zebrafish were euthanized upon signs of ill health, in compliance with CAC-approved protocols. Kaplan-Meier curves were created in Prism. Euthanized fish were fixed, and slides were prepared (see Supplemental Methods). After melanin bleaching (see Supplemental 
| Imaging zebrafish
For live imaging, fish were anesthetized in 0.05% tricaine and immobilized in 3% methylcellulose prior to imaging on a backlit stereomicroscope. For background adaption assays, embryos were raised in a 14 hr on/10 hr off light cycle and then maintained in Petri dishes with white or black matte backgrounds (underneath and at least 1 cm around) from 4 to 5 dpf prior to fixation in 4% PFA.
Images were taken with a SPOT insight color camera model 3.2.0 and processed with SPOT image analysis software. Quantitation of melanocyte phenotypes is described in the Supplemental Methods.
For in vivo time-lapse movies, embryonic fish (~78 hr postfertilization) were mounted in 1.2% low-melt agarose in fish water.
Images were taken at 4 × every 20 min for 14 hr in a 28°C chamber using a Nikon Eclipse TE3000 microscope with a SPOT-flex model 15.2 camera. Image and movie analysis was performed in FIJI.
| Isolation and in vitro culture of melanocytes
Melanocytes were isolated from adult zebrafish fins essentially as previously reported (Yamanaka & Kondo, 2014 ; see Supplemental Methods). For time-lapse studies, 24 hr post-plating, the media was changed to L15 with 10% FBS by exchanging one-half existing volume. Cell movement was recorded on a Nikon A1R confocal microscope using time-lapse microscopy every 20 min for 36 hr in a 29°C
chamber. Cell movements from hourly time points were analyzed using the MTrackJ software on ImageJ. Cell morphology was measured by manual tracing at the 10-hr still image using FIJI. For cell viability: Isolated melanocytes were plated in collagen-coated 96-well plates and maintained at 28°C in L15. Beginning 24 hr post-seeding, four images per well were taken daily at 10 × magnification on a Nikon
Eclipse TE2000-U microscope using a SPOT-RT3 camera model 25.2.
Images were processed using SPOT analysis software. Live cells were counted in the four fields as a proxy for cell number. To determine cell volume, melanocytes were isolated from 5 dpf using an alternative protocol (Higdon, Mitra, & Johnson, 2013; see Supplemental Methods) and examined in a hemocytometer to confirm purity (contamination ≤2%, typically xanthophores). Using established protocols (Goranov et al. 2009 ), melanocytes were counted and sized using a Beckman
Coulter Multisizer 3, excluding particles <7 fL or >20 fL. For determination of melanin content per melanocyte, melanocytes were isolated from 5 dpf embryonic fish using the same method as above (see Supplemental Methods), counted via hemocytometer, and solubilized overnight at 55°C in 1N NaOH/10% DMSO at a volume of 100 cells per μl. Cell lysate was centrifuged at 12,000 g for 10 min to remove large sediment, and the absorbance of the supernatant was measured at 475 nm.
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